A well-defined poly(N,N-dimethylacrylamide)-b-poly(N-isopropylacrylamide-co-2-vinyl-4,4-dimethylazlactone) thermoresponsive double hydrophilic block copolymer bearing a terpyridine entity (Tpy-PDMA-b-P(NIPAM-co-VDM)) was synthesized by successive RAFT polymerizations. An amphiphilic macro-chain transfer agent bearing a terpyridine moiety (Tpy-PDMA-CTA) was synthesized and used for the preparation of a double hydrophilic block copolymer (Tpy-PDMA-b-P(NIPAM-co-VDM)) by RAFT dispersion polymerization. The RAFT dispersion polymerization of water-soluble monomers showed good control over the molar mass and dispersity, as characterized by size exclusion chromatography (SEC) and ) metallic complex was investigated by rotational rheometry. The results show that the self-assembly of the thermoresponsive block of the metallic bis-terpyridine complex formed a dynamic hydrogel with a sol-gel thermoreversible transition.
Introduction
Supramolecular polymer networks, where cross-links are formed by metal coordination have received particular attention because of their intrinsic self-healing ability [1] [2] [3] and the possibility of imparting the physico-chemical properties of the metal ions (optical, 4-7 electrical, 8-10 magnetic 11, 12 or catalytic 13 ) to the resulting materials. Several strategies have been successfully applied in the design of metallo-supramolecular polymer networks, which have been classified into two distinct categories depending on the way cross-links are formed within the supramolecular network. 14 The first category involves the combination of ditopic ligands and metal ions that can accommodate more than two ligands. [15] [16] [17] The second strategy involves the combination of multitopic ligands and metal ions, leading to bis-complexes. [18] [19] [20] Among multitopic polymeric ligands, block copolymer micelles bearing ligands at the surface constitute a powerful approach to tune the rheological properties and responsiveness of soft materials. 3, [21] [22] [23] [24] [25] [26] [27] [28] In this case, metallo-supramolecular micellar networks are obtained by a two-step process: (1) the self-assembly of block copolymers followed by (2) metal-ligand interactions. The first step corresponding to the self-assembly is achieved by dissolution of a block copolymer in a selective solvent of one block, leading to micelles bearing ligands at the surface. The second step consists of the addition of metal ions leading to micellar gels in the concentrated regime. When stimuli-responsive (thermo-or pH-sensitive) block copolymers are used in the first step, the addition of metal ions leads to smart metallosupramolecular networks where the viscoelastic properties are controlled by the stimulus. Gohy's group developed this second strategy to trigger metallo-supramolecular polymer networks based on copolymeric micelles. 3, [21] [22] [23] [24] [25] [26] [27] Their studies involved a diblock copolymer based on polystyrene and poly (tert-butylacrylate) bearing a terpyridine ligand (Tpy) moiety at the chain-end (PS-b-PtBA-Tpy) which, in the presence of metal ions, yielded flower-like micelles and micellar gels in diluted and concentrated solvents, respectively. 3, 21, 22 Then, Piogé et al.
investigated stimuli-responsive metallo-supramolecular micelles starting from terpyridine-functionalized diblock copolymers based on PS and poly(N-isopropylacrylamide) (PS-b-PNIPAM-Tpy). 29 In diluted aqueous medium and in the presence of metal ions, these thermoresponsive copolymers formed flower-like micelles composed of a PS core and a thermoresponsive PNIPAM shell. Such PS-b-PNIPAM-Tpy copolymers have then been studied by Brassinne et al. in a concentrated regime in order to obtain metallo-supramolecular hydrogels based on micelles having a thermoresponsive shell. [25] [26] [27] Recently, Gohy's group elaborated a multi-sensitive micellar hydrogel using a triblock copolymer (PS-b-PNIPAMb-PDMAEMA-Tpy) including a pH-responsive poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) block. 23 All the reported studies 3, 21, 22, [25] [26] [27] 29 focused on micelles containing a PS core. Such a solvophobic polymer is known to form frozen micelles. [30] [31] [32] However, dynamic micellar gels with a fast exchange rate are formed when the solvophobic block is very short [33] [34] [35] or not strongly solvophobic. [36] [37] [38] In contrast with those previous studies, our contribution relies on a single copolymer paving the way for an unprecedented platform able to switch between a dynamical transient network and frozen hydrogels without varying the chemical nature or the length of the blocks. This copolymer is a double hydrophilic block copolymer based on a soluble poly (N,N-dimethylacrylamide) (PDMA) block bearing terpyridine units and a thermoresponsive poly(N-isopropylacrylamide)-co-poly(2-vinyl-4,4-dimethylazlactone) P(NIPAM-co-VDM) statistical block. We chose PNIPAM as the thermoresponsive polymer, characterized by a LCST around 32°C. The LCST of PNIPAM can be tuned by controlling the molecular structure and composition as demonstrated by varying the molar masses, end-groups, and architectures, as well as by incorporating hydrophobic units within the PNIPAM block. [39] [40] [41] [42] Among hydrophobic units, the incorporation of amine-reactive VDM units allows for tuning the LCST of the resulting copolymer from 19 to 41°C. 43 Moreover, the VDM units provide reactive sites for subsequent crosslinking of the micelle core to target frozen micelles. 44 As well-defined terpyridine-functionalized PDMA-b-P(NIPAM-co-VDM) block copolymers are targeted in this study, reversible addition-fragmentation chain transfer (RAFT) polymerization was selected as the reversibledeactivation radical polymerization (RDRP) method. RAFT polymerization is one of the versatile RDRP processes as it is applicable to a wide range of monomers and it is highly tolerant to chemical functionalities. 45, 46 Herein, we report for the first time the synthesis of a thermoresponsive terpyridine-functionalized double hydrophilic block copolymer (Tpy-PDMA-b-P(NIPAM-co-VDM)) by RAFT polymerization. The complexation of Tpy-PDMA-b-P(NIPAM-co-VDM) copolymers with metal ions (Fe 2+ ) and their self-assembly in aqueous solution by hydrogen interactions in response to heat are studied in order to obtain a smart metallo-supramolecular hydrogel based on polymeric micelles (Scheme 1). Above a given temperature and concentration, hydrogels are formed; their rheological properties are then investigated by rotational rheometry in response to temperature changes. To the best of our knowledge, the rheological behavior of a metallo-supramolecular hydrogel based on micelles possessing a thermoresponsive core has never been reported up to now.
Experimental
Materials, reagents, synthetic procedures and characterization are described in the ESI. †
Results and discussion
To study new thermoresponsive metallo-supramolecular hydrogels based on dynamic micelles, the synthesis of a watersoluble thermoresponsive diblock copolymer Tpy-PDMA-b-P(NIPAM-co-VDM) bearing a terpyridine entity was first Scheme 1 Schematic representation of dynamic metallo-supramolecular hydrogels based on the thermoresponsive terpyridine-functionalized copolymer Tpy-PDMA-b-P(NIPAM-co-VDM).
considered. Such a copolymer was synthesized by successive RAFT polymerizations as depicted in Scheme 2.
Synthesis and characterization of a terpyridine-functionalized poly(N,N-dimethylacrylamide) macromolecular chain transfer agent (Tpy-PDMA-CTA)
The polymerization of DMA was achieved in a 1,4-dioxane solvent, in the presence of Tpy-CTA as the chain transfer agent and 4,4′-azobis(4-cyanovaleric acid) (ACPA) as the initiator (Scheme 2). After 30 min, the DMA conversion for the polymerization mediated by Tpy-CTA was calculated to be 54% as determined by 1 H NMR spectroscopy by comparing the integrals of vinylic protons from DMA at 5.6 ppm with the integral of CHO from DMF at 8 ppm ( Fig. S1 in the ESI †). The PDMA number-average degree of polymerization (DP n;PDMA;NMR ) was determined by 1 H NMR spectroscopy of the precipitated polymer by comparing the intensity of the signal at 0.87 ppm corresponding to the methyl protons at the trithiocarbonate chain-end (CH 3 -CH 2 -, labeled a) with the intensity of the broad signal between 1-3.2 ppm corresponding to 9 protons of PDMA (-CH 2 -CH-CO-N(CH 3 ) 2 , labeled b) and to 36 protons of chain-ends
Assuming that all chains are functionalized by a trithiocarbonate, the calculated DP n;PDMA;NMR ¼ 91 and the number-average molar mass of the chains were determined by 1 H NMR spectroscopy = 9700 g mol
. Moreover, the SEC chromatograms of Tpy-PDMA 91 -CTA (M n;SEC ¼ 14100 g mol À1 , dispersity = 1.19) using RI and UV detection systems operating at 309 nm showed unimodal traces (Fig. 1 ). The presence of the trithio-moiety at the PDMA chain-end was confirmed by the presence of a peak using the UV detection at 309 nm, corresponding to the CvS bond. The presence of the terpyridine ligand at the chain-end of Tpy-PDMA 91 -CTA was assessed by 1 H NMR spectroscopy and MALDI-TOF mass spectrometry. The 1 H NMR analysis shows more than 90% terpyridine functionalization by comparing the integration area of the signal at 4.21 ppm corresponding to w/v). 47 Therefore, the aqueous solution of Tpy-PDMA 91 -CTA at 0.5% w/v was analyzed by dynamic light scattering (DLS). Welldefined Tpy-PDMA 91 -CTA aggregates (PDi = 0.08) with hydrodynamic diameters of 10 nm were observed. Such self-assembling behavior in aqueous solution led us to consider Tpy-PDMA 91 -CTA as a transurf (chain transfer agent and surfactant) in RAFT aqueous dispersion polymerization in order to obtain versatile terpyridine functionalized-polymer micelles.
Synthesis of a water-soluble thermoresponsive copolymer based on PDMA, PNIPAM, and PVDM (Tpy-PDMA-b-P(NIPAM-co-VDM))
Our strategy to obtain thermoresponsive terpyridine-functionalized copolymer micelles is based on RAFT copolymerization in dispersed media of N-isopropylacrylamide (NIPAM) and of a water-soluble monomer, N-acryloyl-2-methylalanine (NAMA) as the precursor of VDM 48 units (Scheme 2). The RAFT polymeriScheme 2 Synthesis of the terpyridine functionalized thermoresponsive copolymer based on PDMA, PNIPAM and PVDM (Tpy-PDMAb-P(NIPAM-co-VDM)). zation of NAMA has never been reported in the literature. Tpy-PDMA 91 -CTA was used to mediate the statistical RAFT copolymerization of these two water-soluble monomers in the presence of V-50 as the initiator, in water at 70°C to target the Tpy-PDMA-b-P(NIPAM-co-NAMA) copolymer. Because NIPAM is water soluble and PNIPAM exhibits a LCST at 32°C, the initial medium was homogeneous, whereas the polymer formed a separate phase at the polymerization temperature (70°C).
Monomer conversion was almost complete after 200 min of polymerization affording a stable turbid solution at 70°C and almost transparent solution when cooled to room temperature. Azlactone groups within the backbone were obtained by reaction of the carboxylic acid group of NAMA units with acetic anhydride at 70°C in tetrahydrofuran (THF). The 1 H-NMR spectrum (Fig. 2) 
. The presence of the terpyridine ligand at the copolymer chain-end was also confirmed by 1 H-NMR spectroscopy (labeled e, Fig. 2 ) with the presence of the aromatic proton peaks between 7.32 ppm and 8.68 ppm. The FT-IR spectrum of the Tpy-PDMA 91 -b-P(NIPAM 192 -co-VDM 28 ) (Fig. S4 in the ESI †) reveals the presence of bands at ν (CvO) = 1818 cm −1 and ν (CvN) = 1628 cm −1 characteristics of the azlactone ring. Furthermore, the ability to quantitatively chain-extend Tpy-PDMA-CTA to target a diblock copolymer was evidenced by clear shifts of SEC traces from higher retention times (Tpy-PDMA 91 -CTA) to lower retention times (Tpy-PDMA 91 -b-P(NIPAM 192 -co-VDM 28 )), indicating an increase in molar masses after copolymerization (Fig. 3(A) ). The Tpy-PDMA 91 -CTA was efficiently used as a macromolecular chain transfer agent leading to well-defined block copolymers as shown by the symmetrical SEC chromatograms of the resulting copolymers (M n;SEC ¼ 43800 g mol À1 , dispersity = 1.42).
These results demonstrate that the aqueous dispersion copolymerization is well-controlled. Moreover, the block copolymer was analyzed by SEC using an on-line diode array detector to check the UV-Vis detectable moieties (Fig. 3(B) ). The presence of the attached trithiocarbonate moiety and the terpyridine group over the complete molar mass distribution is shown by SEC traces using UV-Vis detection at 309 nm and at 290 nm, respectively. The formation of metallo-supramolecular copolymer micelles based on a well-defined Tpy-PDMA 91 -b-(NIPAM 192 -co-VDM 28 ) copolymer and Fe 2+ ions, which is known to generate thermodynamically stable and redoxsensitive complexes, was then studied in diluted and concentrated regimes (Scheme 3).
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Metallo-supramolecular copolymer micelles from metallic bis-terpyridine complexes Fe(II)-bis-PDMA-b-P(NIPAM-co-VDM) in the diluted regime
The complexation behavior of the Tpy-PDMA 91 -b-(NIPAM 192 -co-VDM 28 ) with Fe 2+ ions was investigated in the diluted solution 
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This journal is © The Royal Society of Chemistry 2016 using UV-Vis spectroscopy. The Tpy-PDMA 91 -b-P(NIPAM 192 -co-VDM 28 ) block copolymer and the Fe 2+ ions were stirred in water in a molar ratio of 2 : 1. The UV-vis spectrum revealed an intense absorption in the visible region, the color of the complex being intense purple (Fig. 4) . A distinct metal to ligand charge transfer band (MLCT) was detected at 558 nm indicating that the metallic bis-terpyridine complexes [Fe(Tpy-PDMA-b-P(NIPAM-co-VDM)) 2 ] 2+ were formed. 51 Due to its thermoresponsive character, the metallic bis-
2+ is capable of self-assembly in aqueous solution at temperature above the LCST to form micelles with a hydrophobic P(NIPAMco-VDM) core and a hydrophilic PDMA shell bearing terpyridine units at the chain-end. This process was investigated by DLS by directly dissolving the complex into pure water (0.5% w/v). Particle sizes and particle size distributions calculated by CONTIN analysis were obtained at 20°C (T < LCST) and 45°C (T > LCST) at an angle detection of 173°. At 20°C, the aqueous solution of [Fe(Tpy-PDMA-b-P(NIPAM-co-VDM)) 2 ] 2+ exhibits an average hydrodynamic diameter (D h ) of 11 nm characteristic of unimers (Fig. 5) . When the LCST is 2+ in the concentrated regime (8% w/v) was investigated through phase transition using differential scanning calorimetry (Fig. S5 in the ESI †). Practically, the heat-induced phase transition of the complex is identified as an endotherm in the thermogram. 52 The thermal transition of the [Fe(Tpy-PDMA-b-P(NIPAMco-VDM)) 2 ] 2+ complex was determined to be around 33.9°C, from the maximum of the endotherm. The phase transition of the complex is fully reversible and has been checked upon cooling. The transition temperature upon cooling was however 1.3°C lower than that in the heating process, clearly indicating a hysteresis, as usually observed for PNIPAM. 53 It has to be noted that hydrophilic charged terpyridine complex (with Cl − counter ions), known to greatly increase the LCST of PNIPAM, 54 has no significant impact in the case of this system where the charged terpyridine complex is connected to the hydrophilic PDMA block and not directly to the P(NIPAMco-VDM) block. Aqueous solutions of Tpy-PDMA 91 -b-P(NIPAM 192 -co-VDM 28 ) block copolymers at different concentrations (2 to 8% w/v) containing half a molar equivalent of Fe 2+ ions with respect to terpyridine were prepared under stirring at 20°C. In contrast with an aqueous solution containing a Tpy-PDMA 91 -b-P(NIPAM 192 -co-VDM 28 ) block copolymer, an intense purple colour together with a higher viscosity was observed after addition of Fe 2+ ions (Fig. 6) . Such behavior could be explained increase of viscosity of the bis-terpyridine complex solutions as illustrated in (Fig. 6 ).
The dependence of the viscosity on the shear rate of the [Fe(Tpy-PDMA 91 -b-(NIPAM 192 -co-VDM 28 )) 2 ] 2+ aqueous solution at 8% w/v was measured at 20°C (Fig. 7) . This flow experiment showed that the system was a Newtonian fluid at a low shear rate. At an intermediate shear rate a slight shear thickening behavior was observed, followed by a shear thinning behavior for a high shear rate. This behavior is similar to the one observed with transient networks formed by two associative end-block copolymers. 55 The shear-thickening is related to non-Gaussian stretching of the bridges or by the formation of more bridges. 56 At higher shear rates shear-thinning is observed as more bridges are broken than being formed. The flow curve implies that bis-terpyridine complexes act as associative transient cross-linkers with a finite lifetime. 
This journal is © The Royal Society of Chemistry 2016 2+ aqueous solution (8% w/v) was also investigated during a temperature ramp of 5°C min −1 between 5 and 45°C for both heating and cooling (Fig. 9) . First, one can notice that the behavior is completely reversible when the sample is returned to the initial temperature. Moreover, a hysteresis phenomenon was observed for G′ and G″. Finally, during heating the moduli decrease uniformly up to the LCST, and then G″ decreases more drastically whereas G′ starts to increase and become higher than G′ denoting a liquid/solid transition of the [Fe(Tpy-
aqueous solution when crossing the LCST. In addition, the time dependence after a jump from 20 to 45°C shows that the steady state of the new structure is not instantaneous but takes at least 10 min to be stable (Fig. 10) . The frequency dependence of G′ and G″ of the [Fe(Tpy-
2+ aqueous solution at a concentration of 8% w/v was investigated at the end of the experiment as shown in Fig. 10 . Although after 10 min the evolution of the moduli is too slow, one can consider that the frequency dependence as shown in Fig. 11 (which took only 3 min) is mainly in a stationary regime, i.e. no significant evolution of the sample behavior between the beginning and the end of the frequency sweep. The results confirm that this system behaves solid-like at 45°C over the whole frequency range (Fig. 11) since G′ > G″ and the two moduli tend to a plateau at lower frequencies. At higher frequencies, it is common that some relaxation process may subsist. This is the origin of the slight 
Conclusions
A well-defined thermosensitive double hydrophilic block copolymer (Tpy-PDMA-b-P(NIPAM-co-VDM)) bearing a terpyridine moiety at the α-position of the chain-end was successfully prepared using RAFT sequential copolymerization in aqueous dispersed media. A metallic bis-terpyridine complex was formed by addition of Fe 2+ ions to a concentrated solution of the terpyridine-functionalized double hydrophilic copolymer. Increasing the temperature of the corresponding solution causes self-assembly of the thermoresponsive block and formation of a hydrogel with a sol-gel thermoreversible transition. The introduction of azlactone units in such a double hydrophilic copolymer enables modulation of the temperature of sol-gel transition in accordance with a specific application. In addition, the azlactone units allow for further reversible core-crosslinking by reaction with a redox-sensitive diamine in order to switch between dynamic and frozen metallosupramolecular hydrogels.
